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This article reviews the application of the human airway Calu-3 cell line as a respiratory model for studying the eﬀects of gas
concentrations, exposure time, biophysical stress, and biological agents on human airway epithelial cells. Calu-3 cells are grown
to conﬂuence at an air-liquid interface on permeable supports. To model human respiratory conditions and treatment modalities,
monolayers are placed in an environmental chamber, and exposed to speciﬁc levels of oxygen or other therapeutic modalities such
as positive pressure and medications to assess the eﬀect of interventions on inﬂammatory mediators, immunologic proteins, and
antibacterial outcomes. Monolayer integrity and permeability and cell histology and viability also measure cellular response to
therapeutic interventions. Calu-3 cells exposed to graded oxygen concentrations demonstrate cell dysfunction and inﬂammation
in a dose-dependent manner. Modeling positive airway pressure reveals that pressure may exert a greater injurious eﬀect and
cytokine response than oxygen. In experiments with pharmacological agents, Lucinactant is protective of Calu-3 cells compared
with Beractant and control, and perﬂuorocarbons also protect against hyperoxia-induced airway epithelial cell injury. The Calu-3
cell preparation is a sensitive and eﬃcient preclinical model to study human respiratory processes and diseases related to oxygen-
and ventilator-induced lung injury.
1.Introduction
The airway epithelial is involved in the pathogenesis and
treatment of many lung diseases, including adult and neona-
tal respiratory distress syndrome (RDS), chronic obstructive
pulmonary disease (COPD), asthma, the adverse eﬀects of
positive pressure mechanical ventilation [1–4], and sup-
plemental oxygen therapy [5]. The airway epithelium is
directly exposed to the external environment and is highly
responsive to biophysical and biological stimuli. Via a
variety of cellular pathways and mechanisms, the respiratory
epithelium responds to exogenous substances, stresses, or
medical therapies that may promote airway repair or injury.
Understanding the role of the airway epithelium and
its response to injurious stimuli, therapeutic drugs, and
interventions will aid in determining the mechanisms of
airway injury and should facilitate the development of novel
therapies for lung diseases. This experimental approach is
one component of a robust approach to assess multiple
aspects of respiratory pathophysiology. With the inherent
diﬃculties of primary human lung cell culture and the limit
ofwhole-animalstudies,invitromodelshavebeendeveloped
to study the mechanism of hyperoxia or positive pressure-
induced lung injury and to evaluate any new therapies [6, 7].
Although numerous in vitro models have been explored
to study the airway epithelium response, we have focused2 Critical Care Research and Practice
on the Calu-3 cell line for the following reasons. (1) The
Calu-3 cell line (American Type Culture Collection, ATCC
HTB-55) is a well-diﬀerentiated and characterized cell line,
that is derived from human bronchial submucosal glands
[8]. In the human lung, the submucosal glands are a
major source of airway surface liquid, mucins, and other
immunologically active substances, and Calu-3 cells reﬂect
these properties [9–12]. By contrast, other pulmonary cell
types, such as airway columnar cells and type II (alveolar)
pneumocytes, are relatively less active from a secretory
standpoint and have less impact on the composition of
airway surface liquid. (2) Calu-3 cells are grown at an air-
liquid interface and demonstrate many characteristics of
the bronchiolar epithelium, which, in vivo, serves as the
barrier layer between inspired gas and other visceral tissues.
This attribute is particularly advantageous for the evaluation
of airway injury and response to medical treatments and
respiratory therapeutic interventions. Air-liquid interface
culture enables the approximation of the in vivo situation
of mechanical ventilation and oxygen toxicity better than
other in vitro models [13], such as those using lung explants
or submerged primary cell culture systems. Calu-3 cells
have been used for drug delivery [14], pulmonary drug
disposition[7],andbacterialinvasivenessstudies[15].Devor
et al. have employed the Calu-3 cell line as a model system to
study the mechanisms of HCO3
− and Cl
− secretion, which
reﬂects the transport properties of native submucosal gland
serous cells [16].
We have developed a sensitive and eﬃcient model using
Calu-3cellsculturedinanenvironmentalchamberasarespi-
ratorymodeltostudytheeﬀectsofoxygenconcentrationand
exposure time [5], biophysical stresses, and biological agents
[10, 12, 13], such as perﬂuorocarbons (PFC) and surfactant.
PFC is known to exert numerous eﬀects in vitro and in
vivo. Partial liquid ventilation with PFC attenuates oxidative
injury in experimental models of lung injury [17, 18]. PFC
liquid also attenuates oxidative damage to both biologic (rat
endothelial cells) and nonbiologic (linoleic acid in sodium
dodecyl sulfate micelles) systems [19]. Surfactant-associated
proteins play an important role in the maintenance of pul-
monary homeostasis. The deﬁciency of surfactant-associated
proteins is associated with severe respiratory distress, and,
in the case of surfactant protein B (SP-B), is incompatible
with life [20]. Sinulpeptide (KL-4), a synthetic peptide
that functionally mimics SP-B [21], prevents hyperoxic and
lipopolysaccharide-inducedlunginjuryinmice[22].Anani-
mal study demonstrated inﬂammation and lung function in
adultmicewithSP-Bdeﬁciencyandreversalofinﬂammation
and maintenance of lung function with SP-B administration
in vivo [23].
Apical ﬂuid and protein secretions in Calu-3 cultures are
similar to those from primary airway cultures and model
manyaspectsoftheintraluminalconditionintheconducting
airways of the lung. This model allows for the analysis
of airway tissue tolerance of oxygen exposure without the
confounding variables of a whole-animal model.
Intheseinvitroexperiments,clinicallyrelevantoutcomes
were measured to assess the eﬀect of respiratory interven-
tions. Since airway inﬂammation is commonly a result of
barotrauma and oxygen toxicity, ELISA techniques detect
changes in the proinﬂammatory cytokines IL-6 and IL-8.
Pulmonary edema also results from airway injury, and, to
model this outcome, total protein is measured in the apical
washﬂuid.Similarly,Calu-3monolayerintegrityandcellular
physiology are assessed by measuring changes in transep-
ithelial electrical resistance (TER). In previous studies, we
found that TER correlates with FITC dextran ﬂux from
the basolateral to the apical aspect of the monolayer [24].
Finally,histologicaloutcomesareassessedsemiquantitatively
by individual cell and monolayer morphology, as well as by
quantifying cell viability.
This article introduces speciﬁc experimental methods
for inducing environmental changes on Calu-3 cells, which
are similar to clinical interventions practiced in respiratory
management. In this regard, the methods discussed enable
the study of changes in environment, gas concentrations,
biophysical stresses, and therapeutic interventions on airway
epithelial cells as a function of time and treatment.
2.MaterialsandMethods
2.1. Calu-3 Cell Culture. Calu-3 cell culture techniques are
well described elsewhere [5, 12, 13]. The cells used for the
experiments were 5–10 passages.
2.2. Collection of Calu-3 Apical Surface Fluid Washings.
Apical surface ﬂuid washings are the source of biologically
active substances secreted apically by Calu-3 cells, and this
ﬂuid is used to model the airway compartment of the lung.
A sample of the Calu-3 apical surface ﬂuid (ASF) is collected
from each transwell insert for each experimental condition
so that the response of individual monolayers is assayed.
Experiments are designed so that each monolayer is used
only once. Therefore, it is necessary to use multiple plates
over the course of each experiment. For example, if the
response of Calu-3 monolayers to a speciﬁc concentration of
oxygenisassayedovera48-hourperiod,threeplatesareused.
The ﬁrst plate is used for the control condition, the second
for 24-hour outcomes, and the third for outcomes at 48
hours.
ASF from Calu-3 cells is collected in the following
fashion [5, 12]. The apical surface of the monolayer is gently
washedtwicewith140μLofsterilenormalsaline. Washesare
combined for a total of 280μL for each individual monolayer
per sample. Samples are centrifuged for 15 minutes at
13,000rcf and at 4◦C, and the supernatantsstored in aliquots
at −70
◦C for subsequent analysis. The levels of IL-6 and
IL-8 in Calu-3 ASF were measured with quantitative ELISA
using human IL-6 and IL-8 Quantikine ELISA kits (R &
D Systems, Minneapolis, MN). Calu-3 ASF washings used
in the assay were appropriately diluted. All standards and
samples were assayed in duplicate. The test sensitivity for
respective immunoassays was as follows: IL-6 (0.039pg/mL)
and IL-8 (10pg/mL). Interassay and intraassay coeﬃcients of
variance are less than 10%.Critical Care Research and Practice 3
2.3. Histology, Cell Viability, and Cytomorphology of Calu-
3C e l l s .After exposing Calu-3 monolayers to an experi-
mental condition or treatment, Calu-3 cell histology and
viability are assessed. To evaluate Calu-3 monolayers in situ,
transwell inserts containing Calu-3 monolayers are ﬁxed
in 4% paraformaldehyde. Following ﬁxation, polycarbonate
ﬁlters with the adherent monolayers are separated from the
transwellinsertsandembeddedinparaﬃn.Cross-sectionsof
the monolayer/ﬁlter samples are sectioned (5μm thick) and
stained with hematoxylin and eosin (H&E) for histological
analysis (Figure 1(a)).
Cell viability and cytomorphological studies are per-
formed using single cell suspensions (SCS) obtained by
harvesting the cells from transwell ﬁlters by trypsinization.
Using 20μL of the SCS, cell viability is determined using
theTrypan blue-exclusionassay. Cytospin slides areprepared
using an additional 100μL of the SCS and ﬁxed in formalin
and stained with H&E (Figure 1(b)). Cytomorphology is
evaluated in a semi-quantitative manner as the ratio of
abnormal cells to total cells [5]. Abnormal cells are deﬁned
as cells demonstrating any of the following characteristics:
(1) abnormal cellular appearance, (2) swollen nuclei, (3)
intracellular and nuclear vacuoles, or (4) diﬀuse cytoplasm
and cellular debris [5], or a combination of the four.
2.4. Set-Up of the Modular Incubator Chamber (MIC-101).
Toestablishspeciﬁcenvironmentalconditionsfortheexperi-
ments described below, a sterile modular incubator chamber
(MIC-101; Billups-Rothenberg, Del Mar, CA) is used. Cell
culture plates are placed into the chamber, and it is sealed
with Dow Corning high vacuum grease (Dow Corning,
Midland, MI). With the chamber sealed and airtight, it is
readytobepressurizedtoamaximumof2poundspersquare
inch (PSI). To ﬁnalize the chamber setup, the appropriate
devices and gas sources with or without a humidiﬁer are
attached to the chamber inlet. A three-way stopcock is used
to attach a pressure gauge, oxygen analyzer, or ﬂow meter to
the outlet of the chamber (Figure 2).
2.5. Oxygen Concentration. Supplemental oxygen admin-
istration is an important component of patient care in
respiratory medicine and is critical to the maintenance
of organ homeostasis and neurological function; however,
oxygen can be toxic to tissues of the lung and airway. The
mechanisms of this toxicity include oxidative injury with
the generation of free radicals and direct disruption of cell
membranes. Strategies to control oxygen concentration and
exposure time are employed clinically as a means to control
airway oxidative injury. In the laboratory, it is possible
to study the thresholds and exposure times that can be
detrimental to airway epithelial cells, and these ﬁndings may
provideclinicallyrelevantinsightsintobedsidemanagement.
The eﬀect of oxygen concentration on Calu-3 cell
structure and function is assessed in the following manner
[5]. Calu-3 monolayers that exhibit TER values of at least
1,000ohm·cm2 are exposed to normoxia (FiO2 = 21%,
FiCO2 = 5%, balance nitrogen) or graded hyperoxia
(FiO2 = 40%, 60%, 80%, FiCO2 = 5%, balance nitrogen)
using the chamber described above. To obtain the desired
oxygen concentration, the inlet and outlet ports of the
chamber are opened and attached to a Servo O2-air 960
mixer (Siemens-Elema, Sweden), a 95% oxygen tank, 5%
CO2, and air balance tank. The blended gas is warmed and
humidiﬁed with an MR730 respiratory humidiﬁer (Fisher &
Paykel Healthcare, Laguna Hills, CA). The appropriate gas
concentration is ﬂushed through the airtight chamber for
2 0m i n u t e sa taﬂ o wr a t eo f3L P M .T h ec h a m b e ro x y g e n
level is monitored with an oxygen analyzer (MAXO2)( O M -
25AE: Maxtec, Inc., Salt Lake City, UT). After the chamber is
purged, the gas source is disconnected; the chamber is sealed
and placed into a continuous ﬂow CO2 incubator at 37
◦C.
The gas in the chamber and the medium in the plates are
changed every 24 hours by following the same procedure.
2.6. Positive Pressure. Positive pressure support is also a
commonly employed strategy to support respiration in
the face of respiratory failure. Positive pressure may be
ﬁxed (continuous positive pressure) or cycled (intermittent
mandatory ventilation) depending upon the clinical situa-
tionandrequirementsofthepatient.Aswithoxygentherapy,
positive pressure ventilation can be damaging to the lung
and airways, and strategies to minimize airway injury can be
developed through in vitro modeling. Injury due to positive
pressure can result from pressure, stretch, or both [25, 26],
but, in the current experiments, the stress of pressure was
evaluated independent of stretch.
To model the airway injury due to the eﬀects of
continuous positive airway pressure (CPAP), monolayers are
exposed to the experimental conditions designed to model
continuous positive pressure therapy using the incubator
chamber. The desired gas concentrations are achieved by
following the protocol as described above. The outlet of
the chamber was attached to a R¨ usch pressure manometer
(Teleﬂexmedical, Inc., Duluth, GA) to achieve normoxia
(21% FiO2)a n dh y p e r o x i a( 6 0 %F i O 2) with and without
+20cmH2Opressurefor24or72hours.Whenthemanome-
ter reading reached the desired level and the temperature
reading was 37
◦C, the inlet and outlet of the chamber were
clamped and disconnected from the gas. The gas in the
chamber and the medium in the plates were changed every
24 hours and the conditions again veriﬁed.
2.7. Biological Agents. Calu-3 monolayers grown at an air-
liquid interface can be treated with biologically active and
clinically relevant agents to assess the eﬀects of treatment on
cell function and the responses to oxygen and positive pres-
sure. By varying doses and concentrations, dose-response
relationships can be assessed for speciﬁc outcomes. Also, it
is possible to compare the eﬀects of apical (airway side) or
basolateral(bloodside)treatmentofmonolayersandexplore
potential diﬀerences between these modes of drug delivery.
As is discussed below and in the results reported later,
our laboratory has evaluated a number of clinically relevant
compounds and medications to assess the eﬀect of treatment
on Calu-3 cell responses to various stresses. The agent of
interest is layered onto the apical surface of the monolayer.4 Critical Care Research and Practice
Monolayer
Membrane ﬁlter
(a) (b)
Figure 1: Representative normal morphology of Calu-3 cells. The sections of monolayer (a) and cytospins of Calu-3 cells (b) were stained
with hematoxylin and eosin (n = 6 for each condition). All slides were examined by light microscopy at 40x magniﬁcation.
Gas
Apical surface
Membrane ﬁlter
Basolateral medium
Cells
(a) (b)
Figure 2: Calu-3 air-liquid interface cell culture in an environmental chamber. Calu-3 cell monolayers were grown at an air-liquid interface
to full conﬂuence before exposure to oxygen, positive pressure, and biological agents. Modular incubator chamber shown on the right;
transwell inserts shown on the left.
2.8. Perﬂuorochemicals. Mature Calu-3 monolayers treated
with perﬂuorochemical liquid perﬂubron (PFB) were
exposed to normoxic (FiO2 = 21%, FiCO2 = 5%, balance
nitrogen) or hyperoxic (FiO2 = 95%, FiCO2 = 5%, balance
nitrogen) conditions.
2.9. Surfactants. Calu-3 cell monolayers cultured at an air-
liquid interface were treated apically with 140μLo fn o r m a l
saline, Lucinactant (Surfaxin; Discovery Laboratories, Inc.),
or Beractant (Survanta; Abbott Laboratories, Inc.). Treated
monolayers were exposed to normoxic (FiO2 = 21%,
FiCO2 = 5%, balance nitrogen) or hyperoxic (FiO2 = 60%,
FiCO2 = 5%, balance nitrogen) conditions using a modular
environmental chamber for 24 or 72 hours in an incubator at
37
◦C.
2.10. Statistical Analysis. The experimental design used was
anindependentgroupmethodinwhicheachexperimentwas
performed on a unique monolayer. At least 6 samples were
used for each group. Statistical analysis was performed using
Statistical Package for the Social Sciences (SPSS, version 17)
software. All data are expressed as mean ± SEM. Diﬀerences
between conditions for each parameter were analyzed using
two-way analyses of variance (ANOVA). Where applicable,
one-way ANOVA were run across groups at each time
interval(i.e.,24and72hrs),andpost-hocanalysesweredone
using Bonferroni comparisons. Signiﬁcance was accepted
with P<. 05; n = at least 6 monolayers for each condition.
3. Results
3.1. Experiments with Various Concentrations of Oxygen.
Calu-3 cells exposed to graded oxygen concentrations (21%,
40%, 60%, and 80% FiO2) demonstrate cell dysfunction
and inﬂammation in a dose-dependent manner [5]. TER
decreased in a dose- and time-dependent manner, whereas
cell viability was reduced only at 72 hours and in the 40%,
60%, and 80% FiO2 groups. IL-6 secretion was elevated
in all hyperoxic groups at 24 hours, and both IL-6 and
IL-8 levels were greater in the 40% FiO2 group compared
with all other groups at 72 hours [5]. In this model,
airway epithelial cells demonstrated profound concentration
and time-dependent responses to hyperoxic exposure with
respect to cell physiology, viability, histology, and secretion
of inﬂammatory mediators.
3.2. Experiments with the Administration of Pressure. Expo-
sure to 21% FiO2 resulted in no changes in Calu-3 cell
structure or function. In the presence of +20cmH2Op r e s -
sure for 24 or 72 hours, cell viability decreased in both
pressure-exposed groups (P<. 001) but not in the control
and hyperoxia only groups, which were not diﬀerent from
each other at 24 hours (P>. 05). By 72 hours, cell viability
was diﬀerent in all groups, in which the hyperoxia-exposed
group was less than the control group (P<. 05) and greater
than both pressure-exposed groups (P<. 001) (Figure 3). In
Figure 4, transepithelial resistance (TER) was less than in the
control group in all treated groups (P<. 001). At 72 hours,Critical Care Research and Practice 5
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Figure 3: Cell viability for Calu-3 monolayers exposed to normoxia
or hyperoxia with or without +20cmH2O pressure. Cell viability
decreasedinbothpressure-exposedgroups(P<. 001)butnotinthe
control and hyperoxia only groups, which were not diﬀerent from
eachotherat24hrs(P>. 05).By72hrs,cellviabilitywasdiﬀerentin
all groups, in which hyperoxia-exposed group was less than control
group (P<. 05) and greater than both pressure-exposed groups
(P<. 001).Dataaremean±SEM; ∗diﬀerentfromallothergroupsat
thesametimepo int;#lessthancontrolandhyperoxiagroups(n = 6
for each condition).
TER for the hyperoxia-exposed monolayers was less than
that for the other treated groups (P<. 001). Similarly, both
IL-6 (Figure 5(a)) and IL-8 (Figure 5(b)) increased in the
pressure-exposed groups over time (P<. 001) but not in the
control and hyperoxia alone groups. The pressure-exposed
groups were greater than the control and hyperoxia groups
(P<. 001) but not diﬀerent from each other (P>. 05).
CytospinpreparationsofCalu-3cellsshowednormalcellular
histologyinthe21%FiO2 groupatbothtimepoints,whereas
the pressure- and hyperoxia-exposed groups showed more
swollen nuclei and intracellular vacuoles (Figure 6).
3.3. Experiments with Pharmacological Agents. Calu-3
monolayers treated with either normal saline, Lucinactant,
or Beractant were exposed to 60% FiO2 f o r2 4o r7 2h o u r s
[24]. TER and cell viability were greater in both surfactant
groups compared with saline; by 72 hours, Lucinactant cells
hadgreaterTERthanBeractantcells.Bothsurfactant-treated
groups secreted less IL-8 than saline, whereas Lucinactant
cells secreted less IL-6 than both saline and Beractant cells.
Histology indicated less injury with Lucinactant relative
to Beractant and saline. Over 72 hours, Lucinactant was
protective of Calu-3 cells compared with a Beractant and
normal saline control [24].
Calu-3 cells treated with perﬂubron (PFB) and hyperoxia
showed an increase in TER value, improved histology,
decreased total protein secretion in ASF washings, and
unaltered IL-8 secretion [13]. Cytomorphologic observa-
tions of PFB-treated Calu-3 cells indicated the presence of
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Figure 4: Transepithelial resistance (TER) was less than control in
all treated groups (P<. 001), independent of time. At 72hrs, TER
for the hyperoxia-exposed monolayers was less than that for the
other treated groups (P<. 001). Data are mean ± SEM; ∗diﬀerent
from all other groups at the same time point; #less than control at
the same time point (n = 6 for each condition).
varying numbers of diﬀerently sized intracellular vacuoles
during both normoxic and hyperoxic conditions. Calu-3
monolayers exposed to hyperoxia exhibited a loss of cellular
integrity and decreased protein concentration and IL-8
level in ASF washings. In this study, PFB protects against
hyperoxia-induced airway epithelial cell injury by promoting
cellular integrity as well as cytologic modiﬁcations [13].
4. Discussion
In this paper, we present our experience using Calu-3 cells
as a model for assessing the eﬀects of oxygen concentration,
positive airway pressure, and several clinically relevant phar-
macologicalagents onvarious parameters of lung and airway
injury.Underatmosphericconditions,Calu-3cellshavebeen
widely used to model lung pathophysiology and therapeu-
tics. Although immortalized, Calu-3 cells are of human
derivation [8] and exhibit many characteristics of primary
airway cultures. Calu-3 cells have been used as a model
to examine transport [6, 27, 28] and metabolism of many
therapeutic compounds [29] and particle-cell interaction
studies [30–32]. Finally, studies regarding the absorption,
metabolism, and distribution of inhaled corticosteroids have
b e e np e r f o r m e dw i t hC a l u - 3c e l lm o n o l a y e r s .
In the model of continuous positive airway pressure,
in which Calu-3 monolayers were exposed to normoxia
(control), hyperoxia, pressure (+20cmH2O), or a combina-
t i o no fh y p e r o x i aa n dp o s i t i v ep r e s s u r e ,ag r o u pe ﬀect for
cell viability revealed that hyperoxia was less detrimental6 Critical Care Research and Practice
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Figure 5: proinﬂammatory cytokines in ASF from normoxia- or hyperoxia-exposed Calu-3 monolayers with or without +20cmH2O. Both
IL-6 (a) and IL-8 (b) increased in pressure-exposed groups over time (P<. 001) but not in control and hyperoxia alone groups. Pressure-
exposed groups are greater than control and hyperoxia (P<. 001) but not diﬀerent from each other. Data are mean ± SEM; ∗greater than
control and hyperoxia; #greater than at 24hrs. n = 6 for each condition.
Normoxia Hyperoxia
0cmH 2O
+20cmH2O
Figure 6: Representative histology. Cytospin preparations of Calu-3 cells after exposure to 72hrs of normoxia or hyperoxia with or without
+20cmH2O pressure showed more swollen nuclei and intracellular vacuoles for pressure-treated cells than for the control and hyperoxia
alone groups. Normoxia without pressure-exposed cells exhibited normal cellular histology.
than pressure, but both insults in combination are more
detrimental than either independently. At 24 hours, TER
decreased acutely in all treated Calu-3 monolayers, and there
appeared to be at least partial recovery in some groups by
72 hours. In the current experiments, the proinﬂammatory
mediators IL-6 and IL-8 secretion increased over time for
up to 72 hours for pressure groups. We can speculate that
positive pressure triggered airway epithelial cells to secrete
more proinﬂammatory mediators than hyperoxia alone,
and the combination of positive pressure and hyperoxia
did not appear to be additive. The lack of IL-6 and IL-8
secretion in response to hyperoxia was somewhat surprising
but suggests that a higher FiO2 may be required to elicit
a response in this model. Cell morphology of Calu-3 cellsCritical Care Research and Practice 7
after exposure to 72 hours of normoxia or hyperoxia with or
without +20cmH2O pressure showed more swollen nuclei
and intracellular vacuoles for pressure-treated cells than
that for the control and hyperoxia alone groups, whereas
normoxia-exposed cells exhibited normal cellular histology.
These data suggest that Calu-3 monolayers are sensitive to
hyperoxia and positive pressure, but that pressure may exert
a greater injurious eﬀectand cytokine response. These eﬀects
vary with the severity and duration of the stress.
The current studies provide an important complement
to this body of work by expanding the use of Calu-3 cells
to include respiratory interventions commonly employed
in critical care medicine. The experiments show that Calu-
3 cells can be exposed and respond to oxygen, static, and
cyclically delivered positive pressure in clinically relevant
ways. The responses of Calu-3 monolayers, particularly in
terms of the IL-6 and IL-8 responses, reﬂect those responses
seen in vivo. In addition, these responses can be modulated
with clinically relevant treatments. In our studies, both Luci-
nactant and perﬂubron attenuated Calu-3 cell responses to
hyperoxia. These ﬁndings are notable given the importance
of surfactant replacement therapy in the newborn intensive
care unit and the role of proinﬂammatory cytokines such
as IL-6 and IL-8 in the pathogenesis of chronic respiratory
disorders such as bronchopulmonary dysplasia.
In summary, Calu-3 air-liquid interface cell culture in an
environmental chamber is a sensitive and eﬃcient model to
simulateclinicalsituationsandforscreeningrespiratorydrug
applications. This cell model is useful for the study of human
respiratory diseases, airway injury related to oxygen toxicity,
and positive mechanical ventilation, and the evaluation of
novel therapies. In many cases, isolated cell preparations
allow for very careful control of cell environment (i.e., the
air-liquid interface culture enables the direct sampling and
measurement of luminal airway secretions in the absence
of systemic factors). However, it should be noted that the
absence of systemic inﬂammation, circulatory factors, and
other paracrine systemic inﬂuences is a potential limitation
of the isolated cell system and should be carefully considered
for certain investigations.
Acknowledgments
This study was funded by Nemours and NIH COBRE Grant
1 P20 RR020173 (The Center for Pediatric Research). The
authors also thank B. E. Gray, BA, CPM, Administrative
Manager, Nemours Research Lung Center, for her contribu-
tion to the research eﬀort.
Conﬂict of Interests
The authors declare no conﬂicts of interest.
References
[1] H. Danahay and A. D. Jackson, “Epithelial mucus-
hypersecretion and respiratory disease,” Current Drug
Targets: Inﬂammation and Allergy, vol. 4, no. 6, pp. 651–664,
2005.
[2] T.-L. Hackett and D. A. Knight, “The role of epithelial injury
andrepairintheoriginsofasthma,”CurrentOpinioninAllergy
and Clinical Immunology, vol. 7, no. 1, pp. 63–68, 2007.
[3] V. Lionetti, F. A. Recchia, and V. M. Ranieri, “Overview of
ventilator-induced lung injury mechanisms,” Current Opinion
in Critical Care, vol. 11, no. 1, pp. 82–86, 2005.
[4] R.P .Schleimer ,A.K ato ,R.K ern,D .K uperman,andP .C.A vila,
“Epithelium: at the interface of innate and adaptive immune
responses,” Journal of Allergy and Clinical Immunology, vol.
120, no. 6, pp. 1279–1284, 2007.
[5] Y. Zhu, T. L. Miller, C. J. Singhaus, T. H. Shaﬀer, and A.
Chidekel, “Eﬀects of oxygen concentration and exposure time
on cultured human airway epithelial cells,” Pediatric Critical
Care Medicine, vol. 9, no. 2, pp. 224–229, 2008.
[6] K. A. Foster, M. L. Avery, M. Yazdanian, and K. L. Audus,
“CharacterizationoftheCalu-3celllineasatooltoscreenpul-
monary drug delivery,” International Journal of Pharmaceutics,
vol. 208, no. 1-2, pp. 1–11, 2000.
[7] J. L. Sporty, L. Hor´ alkov´ a, and C. Ehrhardt, “In vitro cell
culture models for the assessment of pulmonary drug disposi-
tion,” Expert Opinion on Drug Metabolism and Toxicology, vol.
4, no. 4, pp. 333–345, 2008.
[8] B. Q. Shen, W. E. Finkbeiner, J. J. Wine, R. J. Mrsny, and J.
H. Widdicombe, “Calu-3: a human airway epithelial cell line
that shows cAMP-dependent Cl- secretion,” American Journal
of Physiology, vol. 266, no. 5, pp. L493–L501, 1994.
[9] A.C.daPaula,A.S.Ramalho,C.M.Farinhaetal.,“Character-
izationofnovelairwaysubmucosalglandcellmodelsforcystic
ﬁbrosis studies,” Cellular Physiology and Biochemistry, vol. 15,
no. 6, pp. 251–262, 2005.
[10] R.F.Dubin,S.K.Robinson,andJ.H.Widdicombe,“Secretion
of lactoferrin and lysozyme by cultures of human airway
epithelium,” American Journal of Physiology, vol. 286, no. 4,
pp. L750–L755, 2004.
[11] N. S. Joo, D. J. Lee, K. M. Winges, A. Rustagi, and J. J.
Wine, “Regulation of antiprotease and antimicrobial protein
secretion by airway submucosal gland serous cells,” Journal of
Biological Chemistry, vol. 279, no. 37, pp. 38854–38860, 2004.
[12] Y. Zhang, W. W. Reenstra, and A. Chidekel, “Antibacterial
activity of apical surface ﬂuid from the human airway cell line
Calu-3: pharmacologic alteration by corticosteroids and β2-
agonists,” American Journal of Respiratory Cell and Molecular
Biology, vol. 25, no. 2, pp. 196–202, 2001.
[13] P. B. R. Babu, A. Chidekel, and T. H. Shaﬀer, “Hyperoxia-
induced changes in human airway epithelial cells: the protec-
tive eﬀect of perﬂubron,” Pediatric Critical Care Medicine, vol.
6, no. 2, pp. 188–194, 2005.
[14] B. Forbes and C. Ehrhardt, “Human respiratory epithelial cell
culture for drug delivery applications,” European Journal of
Pharmaceutics and Biopharmaceutics, vol. 60, no. 2, pp. 193–
205, 2005.
[15] Y. Hirakata, H. Yano, K. Arai, et al., “Monolayer culture sys-
tems with respiratoryepithelial cells forevaluation ofbacterial
invasiveness,” Tohoku Journal of Experimental Medicine, vol.
220, no. 1, pp. 15–19, 2010.
[16] D. C. Devor, A. K. Singh, L. C. Lambert, A. DeLuca, R. A.
Frizzell, and R. J. Bridges, “Bicarbonate and chloride secretion
in Calu-3 human airway epithelial cells,” Journal of General
Physiology, vol. 113, no. 5, pp. 743–760, 1999.
[17] K. Fukuzawa, K. Kishikawa, T. Tadokoro, A. Tokumura, H.
Tsukatani, and J. M. Gebicki, “The eﬀects of α-tocopherol8 Critical Care Research and Practice
on site-speciﬁc lipid peroxidation induced by iron in charged
micelles,” Archives of Biochemistry and Biophysics, vol. 260, no.
1, pp. 153–160, 1988.
[18] A. T. Rotta, B. Gunnarsson, L. J. Hernan, B. P. Fuhrman, and
D. M. Steinhorn, “Partial liquid ventilation with perﬂubron
attenuates in vivo oxidative damage to proteins and lipids,”
Critical Care Medicine, vol. 28, no. 1, pp. 202–208, 2000.
[19] A. T. Rotta, B. Gunnarsson, B. P. Fuhrman, B. Wiryawan,
L. J. Hernan, and D. M. Steinhorn, “Perﬂuorooctyl bromide
(perﬂubron) attenuates oxidative injury to biological and
nonbiological systems,” Pediatric Critical Care Medicine, vol.
4, no. 2, pp. 233–238, 2003.
[ 2 0 ]L .M .N o g e e ,S .E .W e r t ,S .A .P r o ﬃt, W. M. Hull, and J.
A. Whitsett, “Allelic heterogeneity in hereditary surfactant
protein B (SP-B) deﬁciency,” American Journal of Respiratory
andCriticalCareMedicine,vol.161,no.3I,pp.973–981,2000.
[21] T. E. Wiswell, R. M. Smith, L. B. Katz et al., “Bronchopul-
monary segmental lavage with surfaxin (KL4-surfactant) for
acute respiratory distress syndrome,” American Journal of
Respiratory and Critical Care Medicine, vol. 160, no. 4, pp.
1188–1195, 1999.
[22] P. Kinniry, J. Pick, S. Stephens et al., “KL4-surfactant prevents
hyperoxic and LPS-induced lung injury in mice,” Pediatric
Pulmonology, vol. 41, no. 10, pp. 916–928, 2006.
[23] M. Ikegami, J. A. Whitsett, P. C. Martis, and T. E. Weaver,
“Reversibility of lung inﬂammation caused by SP-B deﬁ-
ciency,” American Journal of Physiology, vol. 289, no. 6, pp.
L962–L970, 2005.
[24] Y. Zhu, T. L. Miller, A. Chidekel, and T. H. Shaﬀer, “KL4-
surfactant (Lucinactant) protects human airway epithelium
from hyperoxia,” Pediatric Research, vol. 64, no. 2, pp. 154–
158, 2008.
[25] M. A. Attar and S. M. Donn, “Mechanisms of ventilator-
induced lung injury in premature infants,” Seminars in
Neonatology, vol. 7, no. 5, pp. 353–360, 2002.
[26] J. M. Davis, B. Dickerson, L. Metlay, and D. P. Penney,
“Diﬀerential eﬀects of oxygen and barotrauma on lung injury
in the neonatal piglet,” Pediatric pulmonology, vol. 10, no. 3,
pp. 157–163, 1991.
[ 2 7 ]C .I .G r a i n g e r ,L .L .G r e e n w e l l ,D .J .L o c k l e y ,G .P .M a r t i n ,
and B. Forbes, “Culture of Calu-3 cells at the air interface
provides a representative model of the airway epithelial
barrier,” Pharmaceutical Research, vol. 23, no. 7, pp. 1482–
1490, 2006.
[28] N. R. Mathias, J. Timoszyk, P. I. Stetsko, J. R. Megill, R. L.
Smith, and D. A. Wall, “Permeability characteristics of Calu-
3 human bronchial epithelial cells: in vitro-in vitro correlation
to predict lung absorption in rats,” Journal of Drug Targeting,
vol. 10, no. 1, pp. 31–40, 2002.
[29] B. I. Florea, M. L. Cassara, H. E. Junginger, and G. Borchard,
“Drug transport and metabolism characteristics of the human
airwayepithelialcelllineCalu-3,”JournalofControlledRelease,
vol. 87, no. 1–3, pp. 131–138, 2003.
[30] M. Amidi, S. G. Romeijn, G. Borchard, H. E. Junginger, W. E.
Hennink, and W. Jiskoot, “Preparation and characterization
of protein-loaded N-trimethyl chitosan nanoparticles as nasal
delivery system,” J o u r n a lo fC o n t r o l l e dR e l e a s e , vol. 111, no. 1-
2, pp. 107–116, 2006.
[31] D. Cooney, M. Kazantseva, and A. J. Hickey, “Development
of a size-dependent aerosol deposition model utilising human
airway epithelial cells for evaluating aerosol drug delivery,”
Alternatives to Laboratory Animals, vol. 32, no. 6, pp. 581–590,
2004.
[32] J. Fiegel, C. Ehrhardt, U. F. Schaefer, C.-M. Lehr, and J. Hanes,
“Large porous particle impingement on lung epithelial cell
monolayers—toward improved particle characterization in
thelung,”PharmaceuticalResearch,vol.20,no.5,pp.788–796,
2003.Submit your manuscripts at
http://www.hindawi.com
Stem Cells
International
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
MEDIATORS
INFLAMMATION
of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Behavioural 
Neurology
Endocrinology
International Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Disease Markers
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
BioMed 
Research International
Oncology
Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Oxidative Medicine and 
Cellular Longevity
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
PPAR Research
The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014
Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Journal of
Obesity
Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
 Computational and  
Mathematical Methods 
in Medicine
Ophthalmology
Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Diabetes Research
Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Research and Treatment AIDS
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Gastroenterology 
Research and Practice
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Parkinson’s 
Disease
Evidence-Based 
Complementary and 
Alternative Medicine
Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com